During recent years quantitative mathematical procedures have been applied to glucose utilization 1 studies in an attempt to replace less exact glucose tolerance tests. Examples of this type of work have been reported by Greville (1), Amatuzio, Stutzman, Vanderbilt, and Nesbitt (2) , and Jokipii and Turpeinen (3) . The techniques employed by these investigators were somewhat different, but the results indicate that the disappearance of glucose from the blood during glucose infusion or subsequent to a single I.V. glucose load follows an exponential function with respect to time. Greville (1) reported an empirical equation describing the behavior of blood glucose following a sudden glucose load. This equation contained a constant term representing an eventual equilibrium glucose level which was not necessarily equivalent to the initial fasting level. Amatuzio, Stutzman, Vanderbilt and Nesbitt (2) employed a similar equation in which they used the initial fasting level as the constant term. The latter's experimental results indicated that the specific rate constant 2 for glucose utilization was reproducible in the same patient and remained constant for two different glucose loads.
In an effort to avoid the unphysiologic blood glucose levels obtained with sudden glucose loading, Jokipii and Turpeinen (3) used a continuous infusion technique. Their results indicated that various equilibrium levels of blood glucose could be established with different infusion rates; the specific rate constants extracted from their data appeared to be independent of the infusion rate. Furthermore, they implied that the rate constants obtained in this manner may exceed those derived by the single injection technique. 1 Glucose utilization is defined as the disappearance of blood glucose.
2The specific rate constant is a proportionality constant defined as the rate of glucose utilization when the concentration is equal to unity (see appendix).
The equations cited in the above work have been either empirical or have been derived upon the assumption that the disappearance of blood glucose follows a first order chemical reaction. It is the purpose of this paper to derive a kinetic theory of glucose utilization not involving the above assumption but based upon previous experimental work on the relationship between the level of blood glucose and its utilization (4) (5) (6) (7) (8) . Experimental evidence will be presented to support this theory along with a study of the behavior of the specific rate constant of glucose utilization.
METHODS AND MATERIALS
The subjects employed in this study were males between the ages of 21 . Care was taken to minimize glycolysis by the use of NaF and refrigeration. Venous samples were analyzed in duplicate and capillary specimens singly. Duplicate venous samples differed by 2.0 ± 1.8 per cent (mean + std. dev.)
In the single injection studies, 25 gm. of glucose in 300 ml. of distilled water was injected in 3.5 ± 0.5 minutes. The continuous infusion experiments were performed using a Bowman constant infusion pump. Infusion rates in different subjects varied from 1.5 to 6.0 ml. per min. of 10 per cent glucose solution. In 24 subjects 10 to 15,uc. Curve (A) represents actual experimental data and is extrapolated to approach an equilibrium level (C.q) defined here as the experimental fasting level.
Curve (B) is a graphical representation of the analysis of these data according to equation A-5 of the appendix. The ordinate in this case represents the difference between the arterial blood glucose concentration (CA) and C.q, but has not been shown for reasons of clarity.
The initial fasting level (C,) is the arterial blood glucose concentration measured just prior to glucose loading. radioassay on 2 ml. of plasma was accomplished with a R. C. Scientific Scintillation Well Counter.
One hundred and five experiments were done. Of these, 11 were omitted because of poor data. Urine was collected at the end of each experiment and analyzed for total reducing substance by the quantitative Benedict method (11).
RESULTS

A. Single injection technique
Twenty-six glucose disappearance curves were obtained from 18 subjects. These curves were analyzed according to the method given in the appendix. An example of this type of experiment with corresponding analysis is shown in Figure 1 and the pertinent results of the analyses of all such experiments are given in Table I . It should be noted in Figure 1 as the slope of curve B. The mean value of the specific rate constants (.0308 ± .0120) as determined here is significantly lower (P = .001) than that reported by others (.0370 ± .0054) (2) . Also the dispersion of the data is greater. Repeat studies were performed on six subjects, and in none of these was the rate constant reproducible. Urine was collected at the end of each experiment and analyzed for total reducing substance. The mean amount recovered for these subjects was 579 mg.
B. Continuous infusion technique
Sixty-nine continuous infusion experiments were done in 63 subjects. The data were analyzed according to the method described in the appendix. Curve A of Figure 2 represents an example of this type of experiment and curve B exemplifies the corresponding analysis. As in Figure 1 , the slope of curve B is the specific rate constant for glucose utilization (K). Table II contains relevant data from all continuous infusion experiments. The mean value of the specific rate constants (.0400 ± .0126) obtained by this method was significantly higher (P = .002) than that computed from the data of the single injection method (.0308 ± .0120), although blood glucose levels in the latter method far exceed those of the former. In two subjects the infusion period was extended to approximately 150 minutes and in both the specific rate constant remained unchanged over the entire period of the experiments. In five subjects studies were repeated on different days and with a single exception rate constant values could not be reproduced.
From the derivation in the appendix it is possible to compute a theoretical initial fasting level (Cp') based upon all the individual measurements of each experiment. A comparison (Table II) between the mean Cp' (89.8 + 7.0) and the mean CF (88.3 ± 6.7) revealed no significant difference (P = .42).
In another series of experiments, glucose was infused at a constant rate for a 50-minute control period followed by a 40-minute period with the rate of infusion doubled. The latter type of experiment was performed in 17 subjects and the blood glucose level resulting from the doubled infusion rate was approximately 50 per cent above that of the control period. Pertinent data from these experiments are given in Table III and an example with analysis is shown in Figure 3 . The striking finding is that the specific rate constant remains unaltered by this procedure; i.e., there is no significant difference (P = .60) between the control periods and those in which the rate of infusion was doubled.
In all continuous infusion experiments, arterial and venous glucose determinations were done. These data have been summarized and the median values are presented in graphic form in Figure 4 .
It should be noted that although the CA- Cv' values are reasonably constant during the control period, there is a significant rise following an increase in the infusion rate.
Urine was collected at the end of each experiment and analyzed for total reducing substance. The mean amount recovered was 314 mg. which is negligible compared to the total amount of glucose infused (30 to 40 grams).
C. Volume of distribution
From the theory given in the appendix it is possible to compute the volume of distribution of glucose. In 68 subjects the mean volume was The initial fasting level (CJ) is the arterial blood glucose concentration measured just prior to the beginning of glucose infusion.
23.3 ± 6.2 per cent of body weight (Table II) . By employing a similar analysis it was possible to compute the value after the rate of glucose infusion had been doubled. This was done in 17 subjects (Table III) and the mean result was found to be 30.8 ± 5.9 per cent of body weight, which is significantly higher (P = .003) than the control value of 24.6 + 5.2 per cent. In other words, an apparent expansion of the available space for glucose distribution occurred subsequent to the increase of the glucose infusion rate.
The above results may have been the result of an increase in extracellular space due to fluid shifts as a consequence of tonicity alteration. This possibility was tested by measuring sodium "space" simultaneously with glucose "space." Na22 was added to the infusion fluid and its space of distribution computed according to a method to be described elsewhere (12) . Control spaces were computed on 24 of the 68 subjects. In 11 subjects measurements were obtained before and after doubling the rate of the glucose-Na22 infusion. Expressed as percentage of body weight, the mean value of Na22 space during the control periods was 21.4 ± 3.4 per cent. The mean value after the increased infusion rate was 22.3 ± 2.7 per cent. There was no significant difference (P = .40) between Na22 space before and after the glucose infusion rate was doubled.
DISCUSSION
The equation described by Amatuzio, Stutzman, Vanderbilt, and Nesbitt (2) is a close approximation of the empirical equation of Greville (1) and the theoretical equation derived here. The data reported in this paper for the single injection technique fit the latter equation as well as that of Greville. These equations are better satisfied when the experimental fasting level is used rather than the initial fasting level. This is evident from (a) the constancy of K throughout the experimental period in any given subjectf and (b) the significant difference between the initial and experimental fasting levels in the group of subjects. It would appear that following a rapid glucose load, blood sugar returns to a new level significantly below the initial fasting level (Figure 1) . The experimental fasting level is a term of the continuous function (equation A-5, appendix) B The data was also analyzed by plotting the logarithm of the difference between the arterial glucose and the initial fasting level vs. time (Amatuzio, Stutzman, Vanderbilt, and Nesbitt, [2] ) and by plotting the log of the arterial glucose vs. time (Bastenie, Conard, and Franckson [13] ). By either method a constant K may be approximated during the initial experimental period; however, the constancy of K cannot be maintained throughout the complete experimental period. The ordinate (CA -CV/CA) is shown in the appendix to be a measure of the specific rate constant (k,) for peripheral glucose utilization and represents the arterio-venous glucose difference divided by the arterial blood glucose concentration. The plotted data represent median values determined from 17 experiments. is equivalent to the addition of 4.8 units of insulin in an average man. It has been reported (18) and substantiated by work in this laboratory (19) that small amounts (2.5 to 4 units) of exogenous insulin will cause a striking increase in the specific rate constant. It was, therefore, surprising to observe that the mean specific rate constant obtained from the sudden loading technique is significantly lower than that obtained from the continuous infusion technique. It would appear that of the two methods for adding glucose to the system, the sudden loading technique with its resulting higher blood sugars is more likely to stimulate insulin release and thus more likely to increase the specific rate constants.
With the constant infusion technique it was possible to determine whether or not an elevated blood sugar alters the specific rate constant in the same patient. The results of the experiments in which the glucose infusion rate was doubled following the control period showed that no significant difference exists between the specific rate constants of the control and experimental periods (Table  III) . Furthermore, K remained constant throughout each phase of these experiments. If insulin secretion is a function of blood glucose, one might expect an ever increasing K value with rising glucose levels.
Thus, under the conditions of these experiments, by either single injection or continuous infusion of glucose, no evidence was obtained to support the concept that intravenous hyperglycemia stimulates the secretion of extra insulin. These findings suggest that the liver rather than the pancreas is responsible for the minute-to-minute regulation of blood sugar level. They are in agreement with previous evidence that extra insulin is not required for the adequate disposal of an intravenous glucose load in the depancreatized dog (20, 21) .
The volume of distribution of glucose is obviously complex. Possibly the best definition of this "space" as measured here is that which is occupied by "exchangeable" glucose. The apparent increase in glucose "space" with elevated blood glucose is not explained by a simple fluid shift, since Na22 space remained constant. One might speculate that since the specific rate constant is unaltered, and Na22 space remains constant, the observed increase in glucose "space" is a change associated with increased cellular metabolism of glucose.
A derivation is given in the appendix which shows that (CA-Cv/CA) is proportional to the specific rate constant of peripheral glucose utilization (kp) under certain conditions. An examination of Figure 4 shows that elevation of the glucose infusion rate results in an elevation of this variable (CA-Cv/CA). It has been shown that the total disappearance rate constant (k) remains unaltered throughout this procedure and that the volume of distribution increases. This would be the predicted behavior of these variables to account for the rise in the (CA -CV/CA) values.
SUMMARY
Some theoretical aspects of the kinetics of glucose utilization and a method for computation of glucose "space" are described. One hundred five studies were performed in 81 normal men using either a single injection or continuous infusion technique. Data are presented which support the derived equations. No evidence was obtained to indicate that excess insulin is released in response to the intravenous administration of glucose. The volume of distribution of glucose is discussed and evidence is presented which suggests an expansion of this "spaces' with increased blood sugar levels. APPENDIX Lang, Goldstein, and Levine reported that peripheral glucose utilization in the normal dog is a linear function of arterial blood glucose over a wide range (79 to 645 mg. per cent) of blood glucose values (6) . The data were obtained in what may be considered as a steady physiological state (constant infusion of glucose). Prior to this, Soskin and Levine had established a proportionality between peripheral glucose utilization and blood sugar which was linear between blood sugar levels of 100 and 400 mg. per cent (5) . The latter data were obtained in the eviscerated dog in a steady state. Somogyi obtained careful measurements of arterial blood sugars and corresponding arteriovenous differences in man before and after the oral ingestion of 100 gm. of glucose (4) . Although blood flow was not measured, there was a linear correlation between A-V difference and arterial blood level during the disappearance phase of blood glucose.
This evidence indicates that in both steady and quasisteady states, glucose utilization is a linear function of arterial blood glucose over a wide range of blood glucose levels. The range of blood glucose values in the present study is within the range over which linearity has been demonstrated. The linear function described above may C. J. ELAD, JR., H. ELRICX, AND T. A. WITTEN be expressed as follows: Up = kp-GA, (1) where Up represents the rate of peripheral utilization of glucose; kp the specific rate constant associated with peripheral utilization; and GA the total glucose presented to the peripheral cells for metabolism at any time.
The rate of peripheral utilization of glucose may also be expressed as: GA-Geq = (GO -Ge) e-xt.
(A-4) Geq -GA = (G'eq -G') e-Kt.
In concentration form, B-4 becomes:
C'eq -CA = (C'eq -C'F) e Kt, (B4) (B-5) where C'eq is the eventual equilibrium glucose level at t -c and C'F is the theoretical initial fasting level. It 1148 (3) should be noted that a plot of C'.q -CA versus t on semilogarithmic paper results in a straight line with a zero intercept of C'eq -C'F. This is exemplified by curve B of Figure 2 . Furthermore, C1' is observable after the zero intercept is established.
C. Volume of distribution
Within the limits defined here, the slope of equation B-5 is a maximum at t = 0 and a minimum at t = The maximum slope (S.,,) may be evaluated as:
S.ai = K(C'eq -C'F)- 
